Global endemics-area relationships of vascular plants by Hobohm, Carsten et al.
EG
C
S
A
S
V
A
a
b
c
d
e
f
g
h
i
j
k
l
m
n
o
p
q
r
s
t
u
v
w
a
A
R
A
A
K
E
M
Z
D
G
2
uPerspectives in Ecology and Conservation 17 (2019) 41–49
Supported by Botica´rio Group Foundation for Nature Protection
www.perspectecolconserv.com
ssays  and  perspectives
lobal  endemics-area  relationships  of  vascular  plants
arsten  Hobohma, Monika  Janisˇováb,  Manuel  Steinbauerc,d,  Sara  Landie, Richard  Field f,
ula  Vanderplankg,  Carl  Beierkuhnleinh, John-Arvid  Grytnes i,  Ole  Reidar  Vetaas j,
lessandra  Fidelisk, Lea  de  Nascimento l,  Vincent  Ralph  Clarkm,n, José  María  Fernández-Palacios l,
cott  Franklino,  Riccardo  Guarinop, Jihong  Huangq, Pavel  Krestovr, Keping  Mas,
ladimir  Onipchenkot, Mike  W.  Palmeru, Marcelo  Fragomeni  Simonv, Christian  Stolza,
lessandro  Chiarucciw,∗
University of Flensburg (EUF), 24943 Flensburg, Flensburg, Germany
Institute of Botany, Plant Science and Biodiversity Centre, Slovak Academy of Sciences, Dˇumbierska 1, 97411 Banská Bystrica, Slovak Republic
GeoZentrum Nordbayern, Department of Geography and Geosciences, Friedrich-Alexander University of Erlangen-Nürnberg (FAU), Erlangen, Germany
Section Ecoinformatics and Biodiversity, Department of Bioscience, Aarhus University, Aarhus, Denmark
Department of Science for Nature and Resources, University of Sassari, Sassari, Italy
School of Geography, University of Nottingham, NG7 2RD Nottingham, Nottingham, United Kingdom
Centro de Investigación Cientíﬁca y de Educación Superior de Ensenada, B.C., Departamento de Biología de la Conservación, 22860 Ensenada, BC, Mexico
University of Bayreuth, BayCEER, Department of Biogeography, 95447 Bayreuth, Germany
University of Bergen, Department of Biology, 5021 Bergen, Norway
University of Bergen, Department of Geography, 5021 Bergen, Norway
Universidade Estadual Paulista, (UNESP), Instituto de Biociências, Rio Claro, Brazil
Island Ecology and Biogeography Group. Instituto Universitario de Enfermedades Tropicales y Salud Pública (IUETSPC), Universidad de La Laguna, Tenerife, Canary Islands, Spain
Great Escarpment Biodiversity Research Programme, Department of Botany, Rhodes University, Grahamstown, South Africa
Afromontane Research Unit, University of the Free State, Qwaqwa Campus, Phuthaditjhaba, 9866, South Africa
University of Northern Colorado, Greeley, CO 80639, United States
University of Palermo, Department STEBICEF - Botanical Unit, 90123 Palermo, Italy
Institute of Forest Ecology, Environment and Protection, Chinese Academy of Forestry, Beijing 100091, China
Botanical Garden-Institute FEB RAS, Vladivostok, Russia
Institute of Botany, Chinese Academy of Sciences, Beijing 100093, China
Lomonosov Moscow State University, Faculty of Biology 1-12 Leninskie Gory, 119234, Moscow, Russia
Oklahoma State University, Department of Plant Biology, Ecology and Evolution, Stillwater, OK 74078-3013, United States
Embrapa Recursos Genéticos e Biotecnologia, Brasılia, DF 70770-901, Brazil
Department of Biological, Geological and Environmental Sciences, Alma Mater Studiorum - University of Bologna, Bologna, Italy
 r  t i  c  l  e  i  n  f  o
rticle history:
eceived 3 February 2019
ccepted 19 April 2019
vailable online 30 April 2019
eywords:
xpert knowledge
inimum and maximum estimates
a  b  s  t  r  a  c  t
Endemics–Area  Relationships  (EARs)  are  fundamental  in  theoretical  and  applied  biogeography  for  under-
standing  distribution  patterns  and promoting  biodiversity  conservation.  However,  calculating  EARs  for
vascular plant  species  from  existing  data  is problematic  because  of biased  knowledge  of  endemic  species
distributions  and  differences  between  taxonomies.  We  aimed  to overcome  these  challenges  by develop-
ing  a new  standardized  global  dataset  based  on  expert  knowledge  to produce  a  set of  global  EARs.
We developed  a nested  circle  design,  with  grain  sizes  of 104, 105, 106, 107, and  108 km2, respectively,
and  a global  distribution  of  plots  based  on a stratiﬁed  random  scheme.  The  number  of vascular  plant
species  endemic  to each  circle  was  then  estimated  independently  by  ﬁve  experts  randomly  chosen  fromero-endemic plots
a  pool  of 23,  as both  a minimum  and  a maximum  value  (lower  and  upper  bounds  of the estimation),  takingistribution of land and sea
lobal reference into  account  the  limitations  of current  knowledge  and  varied  species  concepts  in existing  taxonomies.
This  procedure  resulted  in a  dataset  of 3000  expert  estimates.
Based  on the  data,  we  produced  three  global  EARs  for  endemic  species  richness  using  minimum,  maxi-
mum  and  average  estimates.  As  a validation,  we  used  all  three  models  to extrapolate  to  the  entire world,
producing  estimates  of 284,493  (minimum),  398,364  (maximum)  and  312,243  (average)  vascular  plant
species.  These  ﬁgures  conform  to the  range  of taxonomists’  estimates.  From  the  models,  we calculated
the  average  area  needed  to  harbour  a single  endemic  species  as 12,875  km2 (range  9675–20,529).
∗ Corresponding author.
E-mail address: alessandro.chiarucci@unibo.it (A. Chiarucci).
https://doi.org/10.1016/j.pecon.2019.04.002
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The  global  vascular  plant  EARs  we  calculated  represent  the  ﬁrst  standardized,  quantitative  expectations
of plant  endemism  at any  given  scale  (sampling  unit  size).  These  EARs  allow  us to provide  a clear  answer
to  a long-standing  but  elusive  biogeographical  question:  how  to assess  whether  any  area  on the  surface
of  the  Earth  is  rich  or poor  in endemics  relative  to the average.
Crown  Copyright  ©  2019  Published  by  Elsevier  Editora  Ltda.  on  behalf  of  Associac¸a˜o  Brasileira  de  Cieˆncia
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Taxa with restricted geographical distribution (here termed
ndemics when fully contained within a given sampling unit) are
undamental to biogeography and biodiversity conservation. They
re used for delineating biodiversity hotspots and shaping inter-
ational and national conservation policies (Myers et al., 2000;
ittermeier et al., 2005; Beierkuhnlein, 2006; Hobohm, 2014).
nderstanding the distribution patterns of endemic species is
ncreasingly important for biodiversity conservation and its plan-
ing. However, baseline data on endemism in vascular plants are
carce, and very uneven in their quality and geographical dis-
ribution (Kier and Barthlott, 2001; Stohlgren, 2007; Kier et al.,
009; Storch et al., 2012; Guerin et al., 2015). Despite efforts to
mprove knowledge of plant biodiversity (e.g., Global Strategy for
lant Conservation https://www.cbd.int/gspc/strategy.shtml) and
pproximately 2000 new plant species described each year (RBG
ew, 2016), our knowledge of the world’s plant species list is far
rom complete (the ‘Linnaean Shortfall’, Brown and Lomolino, 1998;
liveira et al., 2016). Another major problem for understanding
istribution patterns of endemics is that our knowledge of those
lants’ geographical ranges is far from complete (the ‘Wallacean
hortfall’, Lomolino and Heaney, 2004; Meyer et al., 2016; Oliveira
t al., 2016).
Endemics-Area Relationships (EARs) are fundamental tools for
nderstanding biodiversity and endemism patterns. They can pro-
ide reference values against which to compare observed numbers
f endemics in any speciﬁed area, serving as a basis for analysing
nd interpreting patterns of plant endemism at different spatial
cales. However, ﬁtting such models requires comparable data
cross large areas, and is therefore hindered by a range of key
roblems, including: (1) insufﬁcient data availability, (2) geograph-
cal variation in taxonomies and species concepts, (3) different
hapes of the areas sampled in producing existing data, (4) different
hapes of the regions into which data have been aggregated (often
eﬁned by political borders), and (5) inconsistency between what
s included in such aggregation units. An example of (5) is that data
or certain countries may  include only mainland (e.g., Switzerland,
araguay), sets of islands (e.g., Cabo Verde, Seychelles, Mauritius)
r mainland plus islands (e.g., Spain, Greece, USA) (Barnosky et al.,
005; Pysˇek et al., 2008; Trimble and van Aarde, 2012; Güler et al.,
016). Biases related to taxonomy and biogeography reduce the
bility to make sound comparisons of diversity patterns, except
hen reliable grid data are available and the species concept is
onsistent (Storch et al., 2012; Hobohm, 2014).
Given these limitations and shortfalls, we aimed to model the
lobal relationship between the number of endemic vascular plant
pecies and area using a radically different approach to anything
f which we are aware, starting by generating a new set of compa-
able data, based on standardized, spatially nested sampling units
Stohlgren, 2007; Storch, 2016). Since available data on vascular
lant species’ distributions currently do not ﬁt this purpose, we
sed expert knowledge to integrate information from available
oras and distribution maps to estimate the number of species
ndemic to each sampling unit. Expert knowledge plays an impor-
ant role in the analyses of ecological and evolutionary processesc¸a˜o.  This  is an  open  access  article  under  the  CC BY-NC-ND  license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
in space and time whenever empirical data are scarce or weak, or
relating models are missing (McBride and Burgman, 2012). This
is because the standardization and conceptual data harmoniza-
tion is achieved by utilizing the knowledge and understanding of
endemism patterns built up over their careers by experts.
Our main goal was  to develop a set of models for the relationship
between the number of endemic vascular plant species and area,
using an approach to avoid or bypass the biases and difﬁculties
resulting from different taxonomies and species concepts, geo-
graphical distribution of sea, mainland and islands, different shapes
or sizes of sampling units and regions, and insufﬁcient and biased
existing data. We  set out to produce a global EAR that is as accurate
as possible, but also parallel EARs to give minimum and maximum
values for each given sampling unit size, taking into account the
range of species concepts used in different taxonomies and the
deﬁciencies in our knowledge of species and their distributions.
Methods
Nested circle design (NCD)
Our sampling design was  based on 60 geographical points, ran-
domly located on the Earth’s surface using the following protocol.
We divided the Earth’s surface into 12 sectors, 6 in the Northern
and 6 in the Southern hemisphere (see Appendix S1 in Supporting
Information, for geographical details). Each sector was  a slice of the
Earth of 60◦ of longitude, stretching from the equator to the North
or South Pole. We  generated 5 random points in each sector, such
that all parts of the surface, whether land or sea (hence radically
different to existing approaches), had an equal chance of selection.
Then, we constructed 5 nested circular plots, centred on each point,
with areas (grain sizes) of 104, 105, 106, 107, and 108 km2, respec-
tively. This procedure corresponds to a stratiﬁed random sampling
of nested plots with the same centre (Stohlgren, 2007). For reasons
of comparison, we implemented the same number of plots for each
grain size (n = 60). As the largest plot size covers almost a ﬁfth of the
Earth (e.g., Fig. 1e), many of these plots overlap (Fig. 1e). The circular
shape was  chosen because all points on the edge have the same dis-
tance to the centre, minimizing the perimeter/area ratio. We  con-
sidered this important given that a species’ range must be entirely
contained within the sampling unit for that species to be endemic.
The NCD provides simple units for estimating the number of
endemic plant species, unaffected by the distribution of land and
sea, different shapes of sampling units, or biased distributions of
plots. Conceptually, if a relatively small sampling unit is centred
on the Canary Islands, or the tropical Andes, we conclude that the
area has more endemic vascular plant species than is average across
the whole planet’s surface for a sampling unit of that size. By the
same token, if the unit is in the middle of the Antarctic ice cap,
or a part of the sea with few or no islands, and therefore contains
no endemic vascular plant species, we conclude that this area has
fewer endemic species than is average across the whole planet’s
surface. In both cases, the reasons are well known from biogeogra-
phy. While these examples may  be trivial, they illustrate that our
concept of a global endemism reference, provided by the resulting
EARs, applies anywhere on Earth.
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Fig. 1. Example of the nested circle design (NCD). Grain sizes (a) 104 km2, (b) 105 km2, (c) 106 km2, (d) 107 km2, and (e) 108 km2. All the circles are centred on the point 43 N,
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frica  (see Appendix S1 in Supporting Information). Note that this illustration is sc
or  the estimates.
atabase compilation
Since published distributional data of endemic vascular plants
or a random sampling at global scales are not available, and in
rder to achieve the standardization and conceptual harmonization
equired of the data, we created a database using expert-estimation
f the numbers of endemic plant species for each circular plot. Over-
ll, 23 experts participated. For each randomly selected point, ﬁve
f these experts independently estimated the minimum and max-
mum number of endemic species in each of the ﬁve plots centred
n that point. Each expert was provided with the same set of infor-
ation from existing ﬂoras and data, as a reference, but was asked
o exercise his/her own  judgement from experience of research in
his ﬁeld. The ﬁrst experts to produce estimates were three of the
uthors (CH, AC and MJ), who also coordinated the process. Then,
0 other experts were invited to produce independent estimates
f randomly allocated plots, without knowing what the other esti-
ates were for those plots. Further, each expert was not aware
f the identities of the other experts providing estimates for the
ame or other plots, ensuring that they did not communicate among
hemselves about their estimates or about their approach to calcu-
ating those estimates. Subsequently, all experts were invited to
oin the team for proceeding with analyses and writing, and all
ccepted (becoming co-authors). Part of the group then met  in
lensburg, Germany, 2nd–6th February 2018, to plan the rest of
he research. The overall procedure was designed to harness the
dvantages of using expert knowledge, while being aware of typi-
al disadvantages (Araújo and New, 2007; McBride and Burgman,
012), which we sought to minimize by determining the consensus
f expert estimates for each plot.
The procedure resulted in 3000 records, each being an estimate
f the number of endemic vascular plant species in a circular plot
i.e., 12 sectors × 5 points × 5 magnitudes × 2 min/max × 5 experts).
lthough the dataset produced is not perfect, the estimates are
ased on the best and most up-to-date available data, and may  be
onsidered to represent the current state of knowledge – includ-
ng the variability among the estimates. The numbers of endemics
n many biogeographical analyses or conservation reports are often
ased on expert opinions that depend on different species concepts
cf. Myers et al., 2000; Mittermeier et al., 2005). Furthermore, many
f the published numbers of endemic species within particular
egions have recently been adjusted, and these improvements arevina and the Croatian coast; the largest includes parts of NE America, Eurasia and
tic only, showing how the NCD was organized; high resolution maps were utilized
ongoing. Therefore, we consider the data obtained by our approach
to be comparable in quality to data used for other research on
endemism at coarse spatial scales (Storch et al., 2012; cf. Tables
5.1–5.5 in Hobohm et al., 2014), with the major advantage of being
comparable across the world.
Descriptive and inferential statistics
The minimum and maximum number of endemic plant species
in each circle of the NCD are here made available for future studies
(see Appendix S1 in Supporting Information). For each circle, we
used median values across the experts to eliminate the inﬂuence
of outliers and improve the estimate (Bates and Granger, 1969).
The variability among estimates by experts for the same circle was
calculated by using standardized Analysis of Variance (Fox et al.,
2015).
Endemics–area relationships (EARs) and extrapolation of plant
species richness to the whole Earth
To model the number of endemic species as a function of area,
we calculated linear, power and polynomial EARs (Storch et al.,
2012). The Arrhenius (1921) power function, which is the most
frequently used model in the context of SARs (species–area rela-
tionships) and EARs (Drakare et al., 2006), was the best ﬁtting curve
to the series of estimates presented here (see Results). Since the
number of endemics in a large number of plots was  estimated as
zero, we  used the non-logarithmic form of the Arrhenius equation:
E = cAz (1)
where E is the number of endemic vascular plant species, A
is the surface area of the circle, in km2, c and z are two ﬁtted
parameters representing the intercept (i.e. the number of endemic
species per unit area) and the exponent (which is also the slope
of the increase of the log (number of endemic species) per unit
increase in log(area)), respectively. We  ﬁtted Equation (1) using
three different data sets extracted by the ten estimates provided
by the experts per each circle (5 experts × 2 values): the ﬁrst
composed by the median values (n = 300), the second composed
by the minimum values (n = 300) and the third composed by the
maximum values (n = 300). Model ﬁtting was performed using
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he non-linear modelling procedure of the SSArrhenius function
ontained in the Vegan R package (Oksanen et al., 2016).
Global species–area relationships (SARs) and EARs can be vali-
ated to some extent by extrapolating from the dataset to the whole
lanet, and comparing the results with those derived from other
ays of estimating the total number of vascular plant species on
arth, as done by Storch et al. (2012) for vertebrates. For the entire
arth, the number of endemic species (E) equals the total num-
er of species (S). We  used our models to calculate the number
f endemic vascular plant species for the Earth, by extrapolating
o A = 510,000,000 km2. We  also used the models to calculate the
verage area harbouring one single endemic species. We  compared
he results with published estimates of the total number of vascular
lant species.
esults
stimated number of endemic vascular plant species
Of the 3000 estimates of the number of endemic species in a
ircular plot in our dataset, about 40% were zero. Most of these
ero estimates were for plots of the ﬁner grain sizes and centred
n points in the sea (Table 1). Overall, about 51% of the estimates
n plots centred in the sea and about 83% of those in plots cen-
red on land include endemics (Table 1). As expected from the
ide range of biogeographical and ecological features of different
egions on Earth, the estimates of numbers of endemic plant species
n plots of the same size differ considerably (Fig. 2, Table 2; also see
ppendix S1 in Supporting Information). The highest coefﬁcient of
ariation, with a value of 2.236 (223.6%), resulted when four of the
ve estimates for a certain plot and magnitude were zero endemics
nd the other estimate was one or more endemics. Despite the
igh coefﬁcient of variation, these frequent cases represent small
bsolute differences in estimates. Despite the high variance within
ach grain size and the uncertainty inherent to the estimates,
alues estimated by different experts are in general surprisingly
imilar, as shown by the mean of the coefﬁcients of variation cal-
ulated on the values provided by the ﬁve experts for each circle
Table 2).
ndemics–Area Relationships
Fig. 3 illustrates the variation of endemic species richness in
pace and across grain sizes. One notable feature is how the spatial
atterns in the richness of endemics change with the grain size.
Fitting the Arrhenius power function (Table 3) to the data set
omprising the median values of all estimates produce an R2 values
f 0.68. Fitting the function to the minimum and maximum expert
stimates gave R2 values of 0.65 and 0.67, respectively. The c value,
.e. the number of endemic species per unit of area (here 1 km2),
s extremely small, as expected. Also as expected, the z values are
lways a little larger than 1. The best-ﬁtting EAR (for all median
alues) is described by the formula E = 0.00001227·A1.195.
Extrapolating to the surface area of the Earth, the model esti-
ates 312,243 vascular plant species. Using the model for the
edians of the minimum estimates gives a total of 284,493 species,
hile using the model for the medians of the maxima the esti-
ate gives a total of 398,364 species. The associated average area to
nd a single endemic species (Table 3) is estimated as 12,875 km2,
anging from 9675 to 20,529 km2 (median values for maxima and
inima, respectively).and Conservation 17 (2019) 41–49
Discussion
Accuracy of data and expert knowledge
At biogeographical scales, numbers of species are typically
counted, estimated and assembled by many researchers using het-
erogeneous sources, and as a result they can be heterogeneous
and variable in quality (Chiarucci et al., 2011). For many regions
on Earth, it is still impossible to get accurate data on the num-
ber of endemic vascular plant species, and even where reasonable
data exist, differences in methodology and species concepts cause
large variation in estimates or counts for the same region (Hobohm,
2014).
Most of the published data on the number of endemic species
are related to political units, such as countries or provinces. Very
often, when numbers do refer to natural biogeographical units, they
refer speciﬁcally to islands, archipelagos or mountain ranges (cf.
Hobohm, 2014). Many large countries at high latitudes or in arid
regions are relatively poor in endemics, while many islands in trop-
ical and subtropical regions are extraordinarily rich in endemics
(Groombridge and Jenkins, 2002; Kier et al., 2009). Using these data,
which are strongly biased in spatial representativeness, does not
guarantee a model reﬂecting the real and highly uneven distribu-
tion of endemic plants on Earth.
The sequences count – estimate – guess and fact – hypothe-
sis – speculation are often considered to indicate an order from
scientiﬁc certainty to weak conjecture (Franklin, 2009; Burgman
et al., 2011). Expert knowledge is sometimes associated with the
weaker side of science, though species’ range maps are often based
in large part on such knowledge. Nobody knows the exact num-
ber of endemic species in a circular plot constituting 20% of the
Earth’s surface and including parts of different continents and many
islands. However, in the absence of ideal data (exacerbated by the
recent, widespread reduction in support for systematics, taxonomy
and other areas of basic science), the use of expert knowledge is
increasingly important, especially in nature conservation science
and practice (Maddock and Samways, 2000; Drescher et al., 2013;
Grêt-Regamey et al., 2013). This is for at least two  reasons. First,
nature conservation practice cannot wait until all individuals and
species of all taxonomic groups in a region are counted or iden-
tiﬁed; nature conservation management often has to act on the
basis of imperfect data, or despite a lack of knowledge. We  used
expert knowledge simply because of the lack of a dataset appro-
priate for calculating global plant EARs for areas of standardized
grain and shape. As we  outline in the Introduction, the counts that
do exist cannot be compared or combined and analysed without
biased results. Our ﬁrst global vascular plant EAR can certainly be
improved in the future, but for now addresses the lack of such a
tool with a reasonable model. Second, measures of uncertainty can
be built into the use of expert knowledge, as herein. When this is
done, expert knowledge does not necessarily result in weaker con-
clusions than models based on incomplete or biased occurrence
data (cf. Yamada et al., 2003; Perera et al., 2012; Tara et al., 2012;
Reside et al., 2019).
We  therefore consider that harnessing expert knowledge is the
best approach to overcoming the lack of accurate empirical data
and biased results. We  accounted for uncertainties associated with
data deﬁciencies and varying species concepts by estimating mini-
mum and maximum values for the number of endemics in each plot.
Further, our combination of estimates by ﬁve randomly selected
experts per plot reduces errors associated with the subjective part
of this process (McBride and Burgman, 2012). In our data, the high-
est variability among experts’ estimates was observed at plot sizes
in the range 100,000–10,000,000 km2, for both the minimum and
maximum values of endemic species richness. Because the plots of
the smallest size (10,000 km2) often represent areas without vege-
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Table  1
Number of estimates with or without vascular plant endemics in the circular plots, according to the location of their centre (land or sea) and the plot size.
Location of the centre Presence of endemics Area (km2) Total
104 105 106 107 108
Land Yes 98 126 150 163 170 707
No  72 44 20 7 0 143
Sea  Yes 40 106 180 342 430 1098
No  390 324 250 88 0 1052
Total  600 600 600 600 600 3000
Fig. 2. Minimum and maximum estimates (median estimate for each plot) of the number of endemic vascular plant species for the various plot sizes based on the estimates
provided by the experts. The largest plot size represents values for the whole Earth (see text). Boxes indicate inter-quartile ranges while whiskers indicate the ranges. Richness
values  have been added to 1 to allow plotting on a log scale.
Table 2
Estimated minima and maxima (median estimate for each plot) and coefﬁcients of variation (mean and range). When all ﬁve estimates of the number of endemic vascular
plant  species related to a speciﬁc circular plot were zero, the coefﬁcient of variation was deﬁned as zero as well.
Area (km2) Minima of endemics Maxima of endemics
Median estimate Mean coefﬁcient
of variation
Range of coefﬁcients of
variation
Median estimate Mean coefﬁcient
of variation
Range of coefﬁcients of
variation
10,000 0 0.492 0–2.236 0 0.537 0–2.236
100,000 0 0.755 0–2.236 0 0.598 0–2.186
1,000,000 1 0.759 0–2.236 10 0.742 0–2.236
10,000,000 400 0.924 0–2.236 928 0.741 0–1.705
100,000,000 33,700 0.360 0.075–1.038 50,000 0.358 0.095–1.054
Table 3
Model ﬁtting of the Endemics–Area Relationships (EARs) based on the Arrhenius power function, extrapolation to the total number of vascular plant species on Earth (that
is  the total species richness of the Earth) and extrapolation of the average area with one endemic species (based on median values of all estimates, of minima and maxima,
respectively).
Median values R2 c z Estimated number of vascular
plants on Earth
Area with one endemic plant
species (km2)
t
t
m
i
F
o
b
2
a
e
lAll estimates (n = 300) 0.68 0.00001227 1.195 
Minima (n = 300) 0.65 0.00000445 1.241 
Maxima (n = 300) 0.67 0.00001875 1.186 
ation, or with minimal vegetation, many estimates were zero at
his scale. At intermediate plot sizes (100,000–10,000,000 km2),
any of the circles had zero and non-zero estimates, result-
ng in relatively high proportional variation between estimates.
or many islands and countries, ofﬁcial estimates of numbers
f endemic species have had to be adjusted in recent decades
ecause of better knowledge and changing taxonomies (Hobohm,
014). The largest circles in our analysis, on the other hand, usu-
lly contain entire endemic-rich ﬂoristic regions, no zero-endemic
stimates, and thus, the variation between them was  relatively
ow.312,243 12,875
284,493 20,529
398,364 9675
Sampling design
In comparison to ‘strictly nested quadrat’ (SNQ) and ‘continen-
tal shape’ (CS) designs (Storch et al., 2012; Storch, 2016), the NCD
has no plot large enough to include the whole or almost the whole
surface of the Earth. However, the number of NCD sampling units
per grain size is kept constant (n = 60 in this application), whereas
the number of sampling units declines with increasing grain size
both in the SNQ and CS designs. Having the same number of sam-
pling units per grain size, NCD allows more spatially representative
estimates.
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Fig. 3. a-e Maps showing the position of the circular plots and estimates of the diversity of endemic vascular plants (medians, as log (e + 1)) in circular plots of 104 (a) to
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f  endemism; blue indicating low and red high numbers. The distortion of the circu
sed,  hat based on geographic co-ordinates provided by WorldClim (WGS84 Datum
There are currently few published EAR models for vascular
lants (Cowling and Samways, 1995; Hobohm, 2003; Georghiou
nd Delipetrou, 2010; Hobohm and Tucker, 2014). Curves for the
reek mainland and island regions were relatively steep, with z-
alues of 1.49 and 1.15, respectively (Georghiou and Delipetrou,
010). The curve for a combination of mainland and archipelagos
Georghiou and Delipetrou, 2010), in contrast, was shallow (z-value
f 0.42). This example shows how the sampling of geographical
nits can strongly affect the resulting EAR, when checklists are
ombined. Our z-values are slightly higher than 1, as expected for
ARs at this scale (Storch et al., 2012). Our method, coupled with the
se of ensembles of expert-derived estimates to generate the data,
s intended to provide a standardized estimate of endemic species
ichness per unit area that is unbiased and directly comparable in
erms of grain size and shape, thus reducing relating problems of
nconsistency. The results of the variance analysis, the comparison
ith theoretical expectations (Kier et al., 2009; Storch et al., 2012;
torch, 2016; Hobohm and Tucker, 2014), and the results produced
y extrapolating to the total number of vascular plant species on
arth, indicate that our model is reasonable, and has potential for
urther applications.
Because of the new sampling design, the results of the models
e present are not directly comparable to formerly published mod-
ls. Recently published curves (Storch et al., 2012; Storch, 2016)
how a slightly ascending EAR to the right hand side in log–log
pace at global. This can be explained by the lesser representa-
ion of regions at the edges of continents, which are often more
ich in endemics than the more inland regions (David Storch, pers.
omm., 2016). The NCD does not show such an effect because thein each panel, one point centre is covered by the legend. Colours reﬂect the amount
ts towards ellipses in high latitudes is an artefact of the cartographic reference we
number of units for every plot size is the same (n = 60), and proba-
bly also because the circle design incorporates these geographical
gradients, as discussed in the next section.
Distribution of land and sea, and representation of samples with
zero endemics
It might not seem useful or appropriate to include areas without
terrestrial vegetation in our analysis. However, should plots with no
endemic plant species, such as regions of the ocean without islands,
be excluded from sampling or analyses? If yes, then what about
other water bodies within countries, some of which do not contain
endemic vascular plants, that are not usually excluded from calcula-
tions or estimates? Or what about ice caps, bare rock or unvegetated
desert? Further, seagrasses show that vascular plants can live in
the oceans. However, almost all seagrass-beds are species-poor
and dominated by widespread species, giving very low numbers
of endemics in any local marine area. This is part of the global pat-
tern of vascular plant endemism. Our approach therefore highlights
that the areas covered by seas are not qualitatively very different
from areas covered by lakes, ice caps, or sandy deserts, from the
point of view of plant species diversity and endemism.
While it may  seem trivial that most plots containing no habit-
able land have no endemic vascular plants, the isolation created
by these regions that are inhospitable to vascular plants is key to
why many islands in the ocean have so many endemics. The same
applies, to a lesser extent, around coastlines. Our approach does
not exclude those inﬂuences, thus bringing the physical geography
of the Earth into our modelling and into the resulting reference
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alues for the numbers of endemics. The distribution of endemics
s a pattern that develops over long time-periods, of which the
resent-day is a snapshot, and is affected by evolutionary processes
elated to continental drift and changing ecological conditions, by
solation and dispersal, and thus, by the distribution patterns of
and and sea (e.g. Huston, 1994; Gaston, 1996). To produce a global
eference and to help in understanding the patterns, it is appropri-
te to include all these areas in the models. Our approach therefore
as strengths not shared by others, including overcoming some of
he biases affecting other approaches, such as the continental-edge
ias identiﬁed by David Storch (pers. comm., 2016).
Eliminating zero-endemic plots, especially at the smallest size,
ould increase the average number of endemics of the smaller sizes
nd ﬂatten the curve (cf. Cowling and Samways, 1995; Williams,
996). We  consider it inappropriate because the sampling design
ust have priority and should be independent of the result; the
istribution of plots with and without endemics is the result. More-
ver, previous SARs and EARs have used samples with zero vascular
lant species or zero endemic plant species, respectively (Green
nd Ostling, 2003; Werner and Buszko, 2005; Dengler and Boch,
008; Duarte et al., 2008; Georghiou and Delipetrou, 2010; Storch
t al., 2012; Polyakova et al., 2016). Since we were developing a
lobal EAR, we wanted to represent the overall global pattern of
ndemics, including regions with many or few endemics, as well as
rid or cold regions, glaciers or ocean, where we  did not expect to
nd any endemic plants.
For all these reasons, we consider that there is no biogeograph-
cal argument to exclude zero-endemic plots from our sampling or
nalyses. Further, we suggest that the resulting models reﬂect the
otal number of vascular plant species well (see next section) in part
ecause we did not exclude zero-endemic plots from sampling.
odel extrapolations and total number of vascular plant species
n Earth
At present, the total number of vascular plant species estimated
n Earth varies a lot between published estimates, depending on
he data sources and the associated taxonomic or other biases. The
umber of seed plants has been estimated as 223,300 (Govaerts,
001), 352,000 (Scotland and Wortley, 2003) and 422,127 (Paton
t al., 2008), for example. Estimates of 308,312 (Christenhusz and
yng, 2016), 315,903 (Kier et al., 2009) and 383,671 (Nic Lughadha
t al., 2016) were calculated for the total number of vascular plant
pecies, and 298,000 (Mora et al., 2011) and 320,000 (Groombridge
nd Jenkins, 2002) for all plants. Clearly, present knowledge is very
ncomplete and needs further data gathering and integration. Fur-
hermore, it is difﬁcult to calculate potential overestimation and
nderestimation resulting from taxonomic or nomenclatural arte-
acts, and potential underestimation reﬂecting the likelihood of
ngoing exploration and discovery (Ungricht, 2004). Bearing these
imitations in mind, and assuming that pteridophytes comprise c.
3,000–14,000 species (Nic Lughadha et al., 2016), estimates for
ll vascular plant species on Earth thus range between c. 236,000
nd c. 436,000. The values we estimated here ﬁt squarely within
hat range of published numbers, giving us some conﬁdence in the
uality of our assembled data and models.
Extrapolating in the other direction, our models give values
anging from 9675 (medians of maxima) to 20,529 km2 (medians
f minima) for the reference area to include only one endemic
pecies (Table 3). These values represent the average expectations
f our models for the whole surface of the Earth, including marine
nd terrestrial regions. According to the formula in Georghiou and
elipetrou (2010) for mainland Greece (a Mediterranean region
nown for being rich in endemics), one endemic plant species
an typically be expected in an area of 1374 km2. Appropriately,
ccording to our models, that area is endemic-rich. From theoreticaland Conservation 17 (2019) 41–49 47
assumptions, Hobohm and Tucker (2014) found that the terres-
trial regions (island or mainland) harbouring a single endemic plant
species should be larger than 493 km2. Again, these estimates can
be improved with further research.
In general, SARs and EARs, such as those we produced, can be
used to identify areas that are signiﬁcantly richer or poorer in
species or endemic species than average. As Lomolino (1982) has
shown, the regression residuals give the possibility to quantify the
diversity of endemics in a region as log-distance to the regression
line for every size of area (see also Hobohm, 2003; Duarte et al.,
2008). Thus, the models presented here can be considered as aver-
age theoretical expectations, or reference values, for comparing and
analysing the distribution patterns of vascular plant endemism on
Earth in areas of standardized circular area. As an example, the area
of Hawaii (Big Island) is slightly larger than 10,000 km2 and hosts 82
endemic plant species (Price, 2004), thus having c. 81 more endemic
species than expected for a circular area of 10,000 km2 and between
65 and 74 endemic species more than expected for a circular area
of 100,000 km2. From this, we infer that there is a strong concentra-
tion of endemism in this island – in line with received wisdom, and
demonstrating our approach. On the other hand, many regions on
Earth, such as parts of the oceans, cold or even temperate regions
such as many lowland regions in Europe (Hendrych, 1982), have
very few or even no endemic vascular plant species in relatively
large areas.
Conclusions
Our models provide the ﬁrst global reference against which
observed numbers of endemic vascular plants can be compared,
for each region (>10,000 km2) on Earth, either on terrestrial land or
in marine ecosystems. The ultimate aim is to enhance our current
understanding of spatial patterns of plant endemism with respect
to evolution, environment and ecology (Ferriere and Legendre,
2013). By developing a novel standardized design (the nested cir-
cle design, NCD) and harnessing expert knowledge, we have started
the process of deriving reference values that overcome or bypass
the current geographical, taxonomic and methodological problems.
The Endemics–Area Relationships (EARs) here calculated resulted
in intercept and slope values that are consistent with theoretical
considerations, and show a remarkably good extrapolation of the
total number of vascular plant species on Earth, giving conﬁdence
in the methodology we  adopted (cf. Cowling and Samways, 1995;
Hobohm, 2003; Hobohm and Tucker, 2014). As a signiﬁcant result,
we estimated the total vascular plant species richness on Earth
between 284,493 and 398,364 species, with an expected value of
312,243 species, and we  provided reference values of endemics for
circular area ranging in grain from 104 km2 to 108 km2.
Finally, we wish to stress that basic science still is vital to under-
standing Earth’s biodiversity, and deserves considerably more
credit and investment than it is currently afforded. Despite the
very incomplete basic knowledge for vascular plants, we  produced
biodiversity models of endemism that appear to be realistic, but
these had to be based on expert estimates. For many taxa with
great diversity and limited taxonomic knowledge, the knowledge
gap is so large that it would not be possible to model endemism,
even using expert estimates. Traditional descriptive scientiﬁc disci-
plines, such as taxonomy, systematics and biogeography, improve
our knowledge of spatial patterns of plant diversity at global scales
(e.g., Barthlott et al., 2007), and allow research on regional plant
diversity changes at centennial time scales (e.g., Chiarucci et al.,
2017). However, a complete understanding of global patterns and
processes is still almost impossible because of the lack of available
reference data. In this paper, we  provide a methodological frame
for estimating plant diversity in areas of standardized shape and
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rain. In conjunction with a common effort, the NCD developed
ere could be adopted to produce standardized estimates of a range
f biodiversity measures across the Earth.
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